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THE MOLECULAR BIOLOGY OF  
BLADDER CANCER	  

1)  Analysis of molecular alterations in many tumor types 
2)  What is unique for Bladder Cancer (BLCA) 

a.  Genomic alterations 
b.  Epigenetics 
c.  Chromatin modifications 
d.  What is known  
e.  What is new 
 

3)  Future trends   



The Cancer Genome Atlas (TCGA) project, established in 
2005, is a comprehensive and coordinated effort to accelerate 
our understanding of the molecular basis of cancer through 
the application of genomic technologies.  

Genomic Landscape of Cancer 



AML the lowest mutation frequency 
 1 per 1 Mb 

LUSC, LUAD and BLCA the highest 
 7-8.15 per 1 Mb 

UCEC, COAS/READ have high number  
 of clusters 

LUSC and LUAD contain increased C>G 
 transversions 
 of cigarette smoke exposure 

BLCA has a unique signature for C>T  
 transitions, C>G transversions 

C Kandoth et al. Nature 502, 333-339 (2013) doi:10.1038/nature12634 

The molecular biology of Bladder Cancer 

C>G transversions: oxidative stress 
C>T transitions: abnormal methylation 



Box plot is the median number of non-synonymous mutations 
3,210 tumors (hypermutators excluded) with 2-6 mutations/tumor 
BLCA and UCEC (Bladder and Uterine cancer the highest) 

Distribution of mutations in 127 Significantly Mutated Genes 
(SMGs) across Pan-Cancer cohort.  

C Kandoth et al. Nature 502, 333-339 (2013) doi:10.1038/nature12634 

The molecular biology of Bladder Cancer 



The molecular biology of Bladder Cancer 

Non-Muscle Invasive Muscle Invasive 
Shin	  et	  al,	  Nature	  Cell	  Biology	  2014	  

Knowles	  and	  Hurst,	  2015	  	  



Genomic instability, chromosomal alterations 
and allelic loss in BLCA 

•  Non-muscle invasive BC have near-diploid karyotype and few 
genomic rearrangements.  

 
•  Muscle-invasive BC commonly have 

–  Chromosome number changes: aneuploidy 
–  Chromosomal alterations, translocations and chromothripsis  
–  Non-homologous end-joining, error-prone double-strand break repair 
–  Inactivating mutations  

•  DNA repair 
•  DNA damage checkpoint genes 
•  Chromatin and epigenetic modifiers: ARIDA1, CHD6, CREBBP, EP300,  
MLL1, 2 AND 3, NCOR1, KDM4, 6A  



WHAT ARE WE MISSING ? 
  

How do we study  
Bladder Cancer? 

  



Smith et al, Lancet, 2011 

20 microarray gene model for classification  
of risk in BLCA failed 

In larger datasets, 20 genes 
•  Failed to identify specific 

markers 
•  Failed to identify common 

drivers 





•  131 non-treated muscle invasive BLCA 
•  186,260 exons and 18,091 genes  
•  Mean coverage of 100-fold, 82% target bases covered >30X.  
•  MuTect identified 39,312 somatic mutations 

–  Mean and median somatic mutation rates of 5.5/ 1 Mb 

•  Average  
–  302 total mutations (slightly < than lung and melanoma) 
–  204 segmental alterations in genomic copy 
–  22 genomic rearrangements per sample 
–  27 amplified and 30 deleted recurrent somatic copy number alterations (CNAs) 

TCGA Nature. 2014 Jan 29.  



Group Red, ‘focally amplified’, enriched in focal somatic CNAs includes chromatin 
remodelers: MLL2, KDM6A, ARID1A, EP300;  
Blue: papillary, FGFR3 mutant, CDKN2A-deficient;  
Green: ‘TP53/cell-cycle-mutant’, RB1 mutations. 
These differences in pattern suggest different oncogenic mechanisms.  

TCGA Nature. 2014 Jan 29.  

MLL2, KDM6A,  
ARID1A, EP300 

P53 

Genomic Landscape of Bladder Cancer 



KDM6A, ARID1A, EP300 
P53, RB1, HRAS, KRAS, 
PI3KCA, FGFR3,  
STAG2, SYNE2, ELF3  

5-7.5 mutations/tumor 

Guo, Nickerson at al, Nat Genet.45:  2013. 

Genomic Landscape of Bladder Cancer 



Mutual exclusivity correlations. 

Guo, Nickerson at al, Nat Genet.45:  2013. 

•  P53 + MDM2 ~80% of tumors 
•  MLL1,2 + KDM6A in ~ 70% of tumors 

Genomic Landscape of Bladder Cancer 



Mutation hot spots in BLCA 

70%	  BRCA1	  associated	  

17%	  ChromaCn	  remodeler	  

24%	  H3	  K27	  demethylase	  

17%	  Cohesin	  complex	  

Nickerson et al., ClinCaRes, 2014 



Chromatin Modifiers 

•  DNA methylation 
•  Histone Modifications 
•  Chromatin remodeler 
•  Long noncoding RNAs 
•  microRNAs 



KDM6A KD increased and KI 
suppressed anchorage-independent growth 

Is KDM6A a tumor suppressor in BLCA? 

In vitro: no change  
In proliferation 

In vivo: KDM6A KO 
Enhanced tumor growth   

BLCA lines    KDM6A 
MGHU3                + 
T24T                 - 

Nickerson et al., ClinCaRes, 2014 

KDM6A  histone 3 lysine 27 (H3K27) demethylase  



SUMMARY-PART 1 

Microarray analysis using gene expression did not identify common markers 
 
Most frequent mutations are not in “driver” genes:  

  
Muscle invasive BLCA have >5 mutations/tumor 
 
The most prominent group of genes after p53/RB1 
are Chromatin Modifiers: KDM6A, MLL1,2,3, ARID1A, EP300, NCOA1 
 
 Chromatin Modifiers are mutually exclusive with MYC, P53, RB1, PI3KCA 

 suggesting overlapping functions 
 



WHAT ARE WE MISSING ? 
  

How do we study  
chromatin modifications? 

  



DNase I 
HS sites 

Regions hypersensitive to DNAse I 
Promoters 
Enhancers 

 Silencers 
 Insulators 
 Locus control regions 

 

DHS 

Genome-wide analysis of Chromatin Landscape by  
enzymatic digestion of intact chromatin: identification of 

DNAse I Hypersensitivity sites (DHS-seq) 

Each cell type will have a unique landscape signature 



Separate fragments on sucrose gradient 

Massive parallel sequencing 

Nuclease digested 
chromatin 

DNase-Seq 

Align to the genome 
Bioinformatics 

Compare to ChIP-seq (if needed) 
DNase-I U/ml 

Nature Genetics (2011) 
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DHS 

Genome-wide analysis of Chromatin Landscape by  
enzymatic digestion of intact chromatin: identification of 

DNAse I Hypersensitivity sites (DHS-seq) 



Genome-wide mapping DNAse I hypersensitive sites  
(DHS-Seq) 

chr11:68,907,071-68,921,746 

1000s  
of tags 

Raw DHS-Seq data 
  (sequence tags) 

Tag density map 

 ~100,000 DHS identified in  
  each cell type analyzed 

These sites largely identify 
the genetic elements active 
in a given cell type 



Cell Specific Chromatin Structures 
chr2:32,195,785-32,226,814 

DHS, +Dex 
 
 
DHS, -Dex 

GR ChIP, -Dex 
 
 
GR ChIP, +Dex 

GR ChIP, -Dex 
 
 
GR ChIP, +Dex 

DHS, +Dex 
 
 
DHS, -Dex 

Lcn2 expressed 

Lcn2 silent 

Lcn2 
Active only 

in mammary cell 

3134 Mammary 
Cell Line 

AtT-20 Pituitary 
Cell Line 

3134 Mammary 
Cell Line 

AtT-20 Pituitary 
Cell Line 



FLT3 and SLT3 
No difference in vitro 
Specific metastasis 

T24T selected in vivo for metastasis 
to lung and liver 

Dan Theodorescu, U. CO 

Tumor progression analysis by DHS-seq 

T24T 
Tumorigenic, low 

metastatic potential 

FLT3 
Metastatic to 

Lung 

SLT3 
Metastatic to 

Liver 

T24 
Non-tumorigenic in vivo Muscle Invasive  

Grade 3 BLCA 

Bladder cell lines selected in vivo allow us to understand the 
changes in DHS landscape during tumor progression and metastasis.  



Exon sequencing mutations 

Grey, variants, selected for those that alter 
proteins 
+L, Loss of heterozygosity (LOH) of the WT allele 
in addition to the indicated sequence alteration 
HL, homozygous loss indicated by no NGS reads 

Common   T2
4 

T2
4T

 

FL
3 

SL
T3

 

AHNAK2 p.A1342ins FS         
AOAH p.M659ins FS         
AOAH p.P639ins FS         
AQP7 p.Q30_R31delinsRGRX         
DHDH p.A170ins FS         
DHDH p.294_294del FS         

DNAH17 p.I1311V         
EP300 p.C1201Y +L +L +L +L 
EP400 p.Q2726delinsQQQQ NFS         
FAT4 p.D2672V         

FGFR3 p.IVS-2         
HMCN1 p.E5601K         
HRAS c.G35T         

KDM6A p.E895X +L +L +L +L 
MLL2 p.P692T +L +L +L +L 
MLL3 p.S772L         
MLL3 p.P2412T         

MS4A14 p.56_56del FS         
RELN p.D2171G +L +L +L +L 
TP53 p.Y126X +L +L +L +L 

CDKN2B   HL HL HL HL 

Subclonal           
EP400 p.P581delinsM NFS         
EP400 p.V1156I         
NCOA1 p.R1122X         
DNMT1 p.V1367L         
ANK3 p.A2700S         
RELN p.G1612V         

Mutations 

Nickerson, NCI and Theodorescu, U. CO 



	  	  	  	  	  	  	  	  

13,763 

19,141 19,865 

7,543 8,087 

11,465 

Genome-wide analysis of Chromatin Landscape by  
DNAse I Hypersensitivity sites (DHS-seq) 

T24T parental 

FLT3 
lung metastatic 

SLT3 
liver metastatic 
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DHS % unique sites for promoters and 
enhancers 

Total 
Promoters 
Enhancers 

3-way overlap 
6,848 

T24T 

 
FLT3 

 
SLT3 

Varticovski, 2015 



Genome-wide analysis of Chromatin Landscape by  
DHS-seq 

Scale
chr1:

Txn Factor ChIP

DNase Clusters

10 kb hg19
53,120,000 53,125,000 53,130,000 53,135,000

merged_GH701_sorted-GH702_sorted 092713|bin:20 ext:150| sample tag N=47.36M input DNA tags N= 0.00M sample sf= 0.211 input sf= 0.000

merged_GH714_sorted-GH784_sorted 092713|bin:20 ext:150| sample tag N=57.42M input DNA tags N= 0.00M sample sf= 0.174 input sf= 0.000

merged_GH752__sorted-Sample_GH891_pool5_sorted 102013|bin:20 ext:150| sample tag N=63.48M input DNA tags N= 0.00M sample sf= 0.158 input sf= 0.000

merged_GH753__sorted-Sample_GH892_pool5_sorted 102013|bin:20 ext:150| sample tag N=70.45M input DNA tags N= 0.00M sample sf= 0.142 input sf= 0.000

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)

H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE

H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Transcription Factor ChIP-seq (161 factors) from ENCODE with Factorbook Motifs

DNaseI Hypersensitivity Clusters in 125 cell types from ENCODE (V3)

FAM159A
FAM159A
FAM159A

merged_GH701_sorted-G

25 _

1 _

merged_GH714_sorted-G

25 _

1 _

merged_GH752__sorted-

15 _

1 _

merged_GH753__sorted-

15 _

1 _

Layered H3K27Ac
100 _

0 _

Layered H3K4Me3
150 _

0 _

Layered H3K4Me1
50 _

0 _

FAM159A	  
10kb 

T24 

T24T 

FLT3 

SLT3 

Scale
chr11:

Txn Factor ChIP

DNase Clusters

10 kb hg19
47,235,000 47,240,000 47,245,000 47,250,000 47,255,000 47,260,000

merged_GH701_sorted-GH702_sorted 092713|bin:20 ext:150| sample tag N=47.36M input DNA tags N= 0.00M sample sf= 0.211 input sf= 0.000

merged_GH714_sorted-GH784_sorted 092713|bin:20 ext:150| sample tag N=57.42M input DNA tags N= 0.00M sample sf= 0.174 input sf= 0.000

merged_GH752__sorted-Sample_GH891_pool5_sorted 102013|bin:20 ext:150| sample tag N=63.48M input DNA tags N= 0.00M sample sf= 0.158 input sf= 0.000

merged_GH753__sorted-Sample_GH892_pool5_sorted 102013|bin:20 ext:150| sample tag N=70.45M input DNA tags N= 0.00M sample sf= 0.142 input sf= 0.000

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)

H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE

H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Transcription Factor ChIP-seq (161 factors) from ENCODE with Factorbook Motifs

DNaseI Hypersensitivity Clusters in 125 cell types from ENCODE (V3)

DDB2
DDB2
DDB2
DDB2
DDB2
DDB2

ACP2
ACP2
ACP2
ACP2
ACP2
ACP2

merged_GH701_sorted-G

80 _

1 _

merged_GH714_sorted-G

80 _

1 _

merged_GH752__sorted-

80 _

1 _

merged_GH753__sorted-

80 _

1 _

Layered H3K27Ac
100 _

0 _

Layered H3K4Me3
150 _

0 _

Layered H3K4Me1
50 _

0 _

DDB2	  DNA	  damage	  response	  
10kb 

T24 

T24T 

FLT3 

SLT3 

HistocompaCbility	  Complex	  
5kb Scale

chr20:

Txn Factor ChIP

DNase Clusters

5 kb hg19
30,129,000 30,130,000 30,131,000 30,132,000 30,133,000 30,134,000 30,135,000 30,136,000 30,137,000 30,138,000 30,139,000 30,140,000 30,141,000 30,142,000 30,143,000

merged_GH701_sorted-GH702_sorted 092713|bin:20 ext:150| sample tag N=47.36M input DNA tags N= 0.00M sample sf= 0.211 input sf= 0.000

merged_GH714_sorted-GH784_sorted 092713|bin:20 ext:150| sample tag N=57.42M input DNA tags N= 0.00M sample sf= 0.174 input sf= 0.000

merged_GH752__sorted-Sample_GH891_pool5_sorted 102013|bin:20 ext:150| sample tag N=63.48M input DNA tags N= 0.00M sample sf= 0.158 input sf= 0.000

merged_GH753__sorted-Sample_GH892_pool5_sorted 102013|bin:20 ext:150| sample tag N=70.45M input DNA tags N= 0.00M sample sf= 0.142 input sf= 0.000

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)

H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE

H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Transcription Factor ChIP-seq (161 factors) from ENCODE with Factorbook Motifs

DNaseI Hypersensitivity Clusters in 125 cell types from ENCODE (V3)

HM13
HM13
HM13

PSIMCT-1

merged_GH701_sorted-G

60 _

1 _

merged_GH714_sorted-G

60 _

1 _

merged_GH752__sorted-

60 _

1 _

merged_GH753__sorted-

60 _

1 _

Layered H3K27Ac
100 _

0 _

Layered H3K4Me3
150 _

0 _

Layered H3K4Me1
50 _

0 _

T24 

T24T 

FLT3 

SLT3 

TNF	  
5kb Scale

chr6:

Txn Factor ChIP

DNase Clusters

5 kb hg19
31,540,000 31,541,000 31,542,000 31,543,000 31,544,000 31,545,000 31,546,000 31,547,000 31,548,000 31,549,000 31,550,000 31,551,000 31,552,000 31,553,000 31,554,000 31,555,000 31,556,000 31,557,000

merged_GH701_sorted-GH702_sorted 092713|bin:20 ext:150| sample tag N=47.36M input DNA tags N= 0.00M sample sf= 0.211 input sf= 0.000

merged_GH714_sorted-GH784_sorted 092713|bin:20 ext:150| sample tag N=57.42M input DNA tags N= 0.00M sample sf= 0.174 input sf= 0.000

merged_GH752__sorted-Sample_GH891_pool5_sorted 102013|bin:20 ext:150| sample tag N=63.48M input DNA tags N= 0.00M sample sf= 0.158 input sf= 0.000

merged_GH753__sorted-Sample_GH892_pool5_sorted 102013|bin:20 ext:150| sample tag N=70.45M input DNA tags N= 0.00M sample sf= 0.142 input sf= 0.000

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)

H3K27Ac Mark (Often Found Near Active Regulatory Elements) on 7 cell lines from ENCODE

H3K4Me3 Mark (Often Found Near Promoters) on 7 cell lines from ENCODE

H3K4Me1 Mark (Often Found Near Regulatory Elements) on 7 cell lines from ENCODE

Transcription Factor ChIP-seq (161 factors) from ENCODE with Factorbook Motifs

DNaseI Hypersensitivity Clusters in 125 cell types from ENCODE (V3)
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merged_GH714_sorted-G
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merged_GH752__sorted-
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merged_GH753__sorted-
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Layered H3K27Ac
100 _
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Layered H3K4Me3
150 _
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Layered H3K4Me1
50 _

0 _

T24 

T24T 

FLT3 

SLT3 

Varticovski, 2015 



Is DHS-seq on BLCA comparable  
to the gene expression by microarray? 

Tools:  
  

DHS-seq cell lines   
Microarray analysis at similar growth characteristics  
 
Procedure:  
1.  Analyze Microarray by Ingenuity pathway (IPA)  

 using all known published data 
1.  Analyze each cell type unique genes within 50kb of DHS 
2.  Build overlapping and unique pathways for each type of analysis. 



Identification of biological pathways in 
progression to metastatic phenotype by  

analysis of changes in global chromatin landscape 
  

Merging DNAse I hypersensitivity and microarray using  
Ingenuity Pathway Analysis (IPA) 

v  Analyze Microarray by Ingenuity pathway (IPA)  
using all known published data 

v  Analyze genes within 50kb of each DHS, unique for each cell 
v  Build pathways DHS and overlap with gene expression	  



Conclusions 
•  Chromatin remodeling enzymes emerged as a major group of 

genes involved in cancers 
–  specifically in those that lack the known “driver” mutations   

•  DNAse I hypersensitivity (DHS-seq) permits analysis of 
unbiased chromatin landscape 
–  Specifically useful in analysis of tumor progression  
–  Can identify specific TF binding motifs 
–  Drug response? 

•  DHS-seq  could provide specific signature of tumor type 
–  Diagnostic/staging potential 

•  BLCA cell lines with metastatic progression 
–  Unbiased analysis of DHS in enhancers identified metastatic site  
–  Network genes involved by DHS correlate with expression data 
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